Protein acetylation and deacetylation play key roles in multiple physiological functions. Histone deacetylase 3 (HDAC3) is a highly conserved, ubiquitously expressed protein that forms multiprotein corepressor complexes to repress gene transcription. Recent studies show that HDAC3 may play a role in cell proliferation. Altered HDAC3 level increases G2/M cells, but the mechanism remains unknown. Here we show for the first time, to our knowledge, that the HDAC3 complex, including nuclear receptor corepressor (N-CoR), transducin-␤-like protein 1 (TBL1), and TBL1-related protein 1 (TBLR1), is localized on the mitotic spindle. Knockdown of HDAC3 or N-CoR resulted in a collapsed mitotic spindle that was surrounded by chromosomes arranged in a dome-like configuration. Treatment of mitotic cells with Trichostatin A, an HDAC inhibitor, resulted in similar spindle defects independent of transcriptional regulation. In addition, wild-type HDAC3 but not a deacetylase-dead mutant HDAC3 rescued the phenotypes of HDAC3-depleted cells, suggesting that the enzymatic activity of HDAC3 is important for proper spindle function. Whereas the kinetochores and the spindle assembly checkpoint appeared intact in HDAC3-deficient cells, kinetochore-microtubule attachments were impaired because spindle microtubules were unstable in response to cold treatment. These data suggest that the HDAC3 complex is involved in the formation of functional mitotic spindles and proper kinetochore-microtubule attachment. The level or distribution of acetylated ␣-tubulin was not altered in HDAC3-deficient cells. Taken together, our studies raise the interesting possibility that acetylation-deacetylation of mitotic spindle components may be essential for mitotic spindle function.
HDAC3 ͉ corepressor ͉ acetylation ͉ tubulin ͉ mitosis H istone acetylation status plays a critical role in epigenetic regulation of gene transcription. In addition to histones, recent studies revealed that acetylation of non-histone proteins contributes to multiple protein functions including DNA binding, protein stability, and protein-protein interaction (1) . Reversible protein acetylation is also involved in the regulation of cell cycle and proliferation. Inhibitors of histone deacetylases (HDACs) are antiproliferative agents as well as potential therapeutic drugs for cancers. These drugs arrest the cell cycle at G 1 and G 2 /M phase and induce apoptosis, but the precise mechanism remains unknown (2) .
Among numerous HDACs, HDAC3 is ubiquitously expressed and conserved in a wide range of species (3) (4) (5) (6) . In mammalian cells, HDAC3 has been shown to form large corepressor complexes containing N-CoR/SMRT and additional proteins (7) (8) (9) (10) (11) . Besides its activity to repress transcription, HDAC3 also regulates signal transduction (10, 12) , apoptosis (13, 14) , and cell viability (15) . HDAC3 also plays important roles in the cell cycle. Both overexpression and depletion of HDAC3 lead to the accumulation of cells in G 2 /M phase (16, 17) . A recent study reported that histone deacetylation by HDAC3 is important for phosphorylation of histone H3 on serine-10 during mitosis (18) .
Here we report a specific association of the HDAC3 complex with the mitotic spindle. Knockdown of HDAC3 resulted in a unique phenotype with a collapsed spindle surrounded by chromosomes arranged in a dome shape configuration. A coldtreatment experiment demonstrated that spindle microtubules in HDAC3-depleted cells were unstable. Treatment with inhibitors of HDACs or RNA polymerase II revealed that the phenotypes were dependent on defective HDAC activity and not achieved through transcriptional regulation. Furthermore, HDAC3 knockdown and rescue confirmed that the loss of HDAC3 deacetylase activity resulted in the spindle phenotype in HDAC3-depleted cells. Overall protein assembly at kinetochores was intact, but kinetochore-microtubule attachments were impaired and spindle assembly checkpoint was activated in HDAC3-depleted cells. These data reveal the association of a HDAC3 complex with the mitotic spindle and suggest a novel role for the HDAC3 complex in regulating spindle function and kinetochore-microtubule attachments. Fig. 5A ]. HDAC3 staining was more concentrated on the spindle microtubules nearest to the poles during prophase and spread over the entire spindle in prometaphase and metaphase. HDAC3 is absent from the poles in metaphase ( Fig. 1 A and SI Fig. 5B ). When cells were treated with the microtubule deploymerizing drug nocodazole, HDAC3 did not associate with the centrosomes, as determined by ␥-tubulin staining (SI Fig. 5B ), but strongly bound to the remaining fragments of microtubules (SI Fig. 5C ). At telophase, HDAC3 staining became more diffused throughout the cytosol and appeared in the reforming nucleus (Fig. 1 A) . In interphase cells, HDAC3 was predominantly localized in the nucleus and not accumulated on microtubules. HDAC3 staining on DNA during mitosis was much weaker in comparison to that in interphase cells. In addition, HDAC3 staining over the spindle was also observed in HEK293T cells and mouse 3T3 fibroblasts (SI Fig. 5D ), suggesting that HDAC3 accumulation on the mitotic spindle is a general phenomenon.
Results and Discussion
HDAC3 forms a stable core complex with corepressor pro- teins N-CoR/SMRT and the WD40 repeat proteins TBL1/ TBLR1 (7) (8) (9) (10) (11) . Because the corepressor complex is important for HDAC3 function in interphase, we wondered whether HDAC3 is associated with these proteins on the spindle during mitosis. When cells in metaphase were stained for N-CoR, TBL1, and TBLR1, each component of the corepressor complex was also localized on the mitotic spindle ( Fig. 1B and SI Fig. 6A ).
As observed for HDAC3, these molecules were already associated with spindle microtubules in prophase (SI Fig. 6B ), suggesting that the HDAC3 complex associates with spindle microtubules before nuclear envelope breakdown. These data suggest that HDAC3 is localized on spindle microtubules as part of a core complex containing N-CoR, TBL1, and TBLR1. We tested the possibility that other HDACs might also be localized on the mitotic spindle. Another member of the HDAC family, HDAC6, associates with ␣-tubulin in interphase and promotes microtubule dynamicity and cell motility by deacetylating Lys-40 of ␣-tubulin (19, 20) . Immunostaining of mitotic cells showed that HDAC6 was diffusely localized throughout the cytosol and not found on the spindle (Fig. 1C) . HDAC1 was also localized in the cytosol and did not associate with the spindle (Fig. 1C) (21) . Thus, HDAC3 is unique among the HDACs to be localized on the spindle at mitosis.
Knockdown of HDAC3 Results in Collapsed Mitotic Spindle with
Impaired Kinetochore-Microtubule Attachments. To elucidate the physiological function of HDAC3 in mitotic cells, we examined the effect of HDAC3 knockdown ( Fig. 2 A and B) . Reduction of HDAC3 on mitotic spindles resulted in two unique phenotypes. First, the mitotic spindle appeared to be smaller and collapsed. We measured the width of the collapsed spindles (indicated by the distance between the arrows in Fig. 2B ) and found that the width of the spindles in HDAC3-depleted cells was reduced by 50% relative to that observed in control cells (Fig. 2C) . Second, the chromosomes appeared to be excluded from the bipolar spindle structure in HDAC3-deficient cells (Fig. 2B ). There was a significant 4-fold increase in cells containing chromosomes that were arranged in a dome-like configuration surrounding the mitotic spindle after HDAC3 knockdown ( Fig. 2D and SI Movies 1 and 2). These two phenotypes suggest that HDAC3-depleted cells are unable to make proper chromosome alignment because of defects in the mitotic spindles and/or kinetochoremicrotubule attachment.
To further analyze the defective spindle phenotype, we tested the stability of the spindle microtubules in response to cold treatment (22) . Spindle microtubules without stable kinetochore attachment are unstable and are selectively destroyed by cold temperature. Although cold treatment moderately affected the spindle morphology of control cells ( Fig. 2E ) (23) , the overall structure of the kinetochore-attached microtubules remained robust in control cells. In contrast, cold treatment resulted in a highly unstable and much disintegrated mitotic spindle in HDAC3-deficient cells (Fig. 2E ). This result suggests that the spindle microtubules are not properly attached to kinetochores in HDAC3-deficient cells.
We observed a significant although not dramatic increase in the mitotic index in unperturbed HDAC3-depleted cells (Fig.  2F) , suggesting that the spindle assembly checkpoint is activated to arrest cells in mitosis. However, given the spindle defects, we anticipated that the spindle checkpoint would be activated more robustly in HDAC3-deficient cells. To further examine this, we depleted HDAC3 and/or the spindle checkpoint protein Mad2 in cells synchronized by a thymidine block and release to enrich for mitotic cells (Fig. 2 G and H) . Whereas the overall mitotic index in both control and HDAC3-depleted cells was further increased, HDAC3-deficient cells with spindle defects did not accumulate to high levels (Fig. 2H) . One possibility is that the spindle phenotype is transient and that HDAC3-deficient cells eventually achieve proper chromosome alignment and complete cell division, thus exhibiting a delay in mitotic progression. Importantly, the mitotic accumulation of HDAC3-depleted cells was abrogated when the cells were simultaneously depleted of Mad2 (Fig. 2H) , suggesting that a Mad2-dependent spindle checkpoint is activated in these cells. Taken together, these results suggest that knockdown of HDAC3 resulted in mitotic spindle defects, problems in kinetochore-microtubule attachment, and activation of the spindle assembly checkpoint.
The N-CoR/HDAC3 Complex Is Required for Regulation of Mitotic
Spindle. Because HDAC3 is primarily associated with N-CoR/ SMRT to form a stable corepressor complex, we tested the effect of depleting N-CoR on spindle morphology. N-CoR depletion from the mitotic spindle resulted in a collapsed spindle surrounded by dome-shaped chromosomes ( Fig. 3 A and B and SI  Fig. 7A ), a phenotype similar to that observed in HDAC3-deficient cells (Fig. 2) . Interestingly, HDAC3 was also mislocalized from the mitotic spindle in N-CoR-deficient cells (Fig. 3B) . These data suggest that N-CoR is important for HDAC3 localization as well as for its function at mitotic spindles. In interphase cells, N-CoR/SMRT is necessary not only for the formation of the core complex but also for the full enzymatic activity of HDAC3 (24) . It remains to be determined whether N-CoR also regulates HDAC3 enzymatic activity in mitosis.
Enzymatic Activity of HDAC3 Is Essential for Proper Spindle Formation
and Chromosome Alignment. We next addressed whether HDAC3 enzymatic activity is involved in spindle formation. First, we used Trichostatin A (TSA), an inhibitor of HDACs, to see whether inhibition of HDAC activity would result in mitotic spindle defects. Cells synchronized at the G 1 /S phase were incubated with TSA for 5 h and harvested at the peak of mitosis. In the presence of 330 nM TSA, the majority of cells contained properly aligned chromosomes with a few chromosomes lying external to the spindle poles (Fig. 3C) as reported (25) . However, after treatment with 660 nM TSA, the spindle was collapsed and the chromosomes were arranged in a dome-like configuration surrounding the bipolar spindle ( Fig. 3C and SI Fig. 7B ). Although TSA also inhibits other HDACs, the similarity in the spindle defects between the TSA-treated cells and HDAC3-depleted cells suggests that the enzymatic activity of HDAC3 is involved in mitotic spindle formation.
Next, we determined whether the spindle phenotype is a consequence of altered transcriptional activity, because HDAC3 is a well known transcriptional regulator. Cells were treated with TSA together with ␣-amanitin, an inhibitor of RNA polymerase II. Treatment with ␣-amanitin alone did not change the morphology of the mitotic spindles (Fig. 3C) . When cells were incubated with 660 nM TSA in the presence of ␣-amanitin, they exhibited phenotypes similar to those of TSA-treated cells and HDAC3-depleted cells (Fig. 3C and SI Fig. 7B ). These findings suggest that HDAC3 regulates mitotic spindle formation in a transcription-independent manner. This is consistent with a previous report that actinomycin D did not affect accumulation of cells in G 2 /M phase induced by HDAC inhibitors (18) .
To further determine the significance of the enzymatic activity of HDAC3, we knocked down HDAC3 and rescued HDAC3-deficient cells with FLAG-tagged siRNA-resistant wild-type HDAC3 or deacetylase-dead Y298H mutant HDAC3 (26) con- structs. Although exogenously expressed HDAC3 was diffusely distributed in most cells probably because of high levels of overexpression (Fig. 3D Lower) , FLAG-tagged HDAC3 is clearly localized to mitotic spindles in some cells (Fig. 3D Upper) . Importantly, overexpression of wild-type HDAC3 restored proper spindle morphology and chromosome alignment in HDAC3-deficient cells (Fig. 3D Left) . In contrast, deacetylasedead mutant HDAC3 did not rescue either the morphology of the spindle, which remained small and collapsed, or the domelike configuration of chromosomes in HDAC3-depleted cells (Fig. 3D Right) . These data suggest that the deacetylase activity of HDAC3 is necessary for proper spindle formation and chromosome alignment.
HDAC3 Does Not Alter Acetylation of ␣-Tubulin. ␣-Tubulin is one of the most abundant non-histone proteins that are subject to acetylation. Because HDAC3 is associated with spindle microtubules throughout mitosis, it is possible that HDAC3 regulates spindle function by directly deacetylating ␣-tubulin. To address this question, we stained HDAC3-depleted cells with antiacetylated ␣-tubulin (Lys-40) antibody that recognizes the key acetylated residue on ␣-tubulin (19, 20) . We found that mitotic cells show a range of high, moderate, and low levels of ␣-tubulin acetylation (Fig. 3 E and F) . Furthermore, knockdown of HDAC3 did not affect the distribution of ␣-tubulin acetylation levels or the global acetylation level of ␣-tubulin (Fig. 3 E-G) . These data indicate that ␣-tubulin is not a target molecule of HDAC3. Considering the heterogeneous distribution and levels of acetylated ␣-tubulin in mitotic cells, the significance of acetylation of tubulin on spindle microtubules remains to be determined.
Knockdown of HDAC3 Does Not Affect Kinetochore Formation. The collapsed and cold sensitive spindle with the dome-like chromosome configuration in HDAC3-deficient cells suggests that kinetochores were not properly captured by microtubules. To determine whether the lack of microtubule-kinetochore attachment is due to defective kinetochore structure, we next examined the localization of various kinetochore proteins to assess the integrity of the kinetochore structure in HDAC3-deficient cells. We found that key kinetochore proteins such as Aurora B kinase (Fig. 4A) and polo-like kinase 1 (Plk1) (SI Fig. 8A) were localized properly at the kinetochores in HDAC3-deficient cells. Others have reported that, when cells are treated with HDAC inhibitors, Aurora B assembly at centromere/kinetochore is delayed in G 2 phase but that the level of Aurora B at kinetochores in these cells recovers to control levels by late prophase (25) . Our finding that kinetochore Aurora B level in HDAC3-depleted cells was not affected at prometaphase/metaphase is consistent with their report. Our data showed that at least the kinetochore assembly of Aurora B remains intact even after depletion of HDAC3.
We next examined the localization of Spc25, a key component of the Ndc80/Hec1 complex that regulates microtubulekinetochore attachment (27) (28) (29) . Similar to HDAC3 knockdown, depletion of the Ndc80 complex has been shown to result in a fragile spindle (23, 28 ). However, the staining level of Spc25 at kinetochores was similar in control and HDAC3-depleted cells (Fig. 4B) . Thus, HDAC3 contributes to microtubulekinetochore attachment in a manner that does not affect kinetochore localization of the Ndc80/Hec1 complex.
Finally, we examined the levels of checkpoint proteins Mad2 and BubR1 and a kinetochore motor protein, CENP-E, which are normally reduced at kinetochores after proper kinetochoremicrotubule attachment (30) . The levels of Mad2, BubR1 (Fig.  4 C and D) , and CENP-E (SI Fig. 8B ) were remarkably accumulated at kinetochores in HDAC3-deficient cells, to a similar extent as that found on unattached kinetochores in control cells during prometaphase when spindle checkpoint activity is robust. These results suggest that the spindle checkpoint is activated in HDAC3-deficient cells that exhibit a collapsed spindle, in agreement with the Mad2-dependent increase in mitotic index observed in these cells (Fig. 2H) . Taken together, our data suggest that, in HDAC3-depleted cells, (i) the mitotic spindle is defective, (ii) kinetochore-microtubule attachments are impaired, (iii) the overall structure of the kinetochore is intact, and (iv) the spindle checkpoint is active.
Our data demonstrate for the first time, to our knowledge, the localization of HDAC3 complex at the mitotic spindle and reveal a novel role for HDAC3 in regulating spindle formation and microtubule-kinetochore attachments. Although our data do not address the possibility that HDAC3 activity on histone H3 deacetylation (31) and mitotic chromatin modification (18) may contribute to chromosome capture by spindle microtubules, our studies clearly extend a role of HDAC3 in regulating the structure and/or function of the mitotic spindles. We determined that ␣-tubulin is not a target of deacetylation by HDAC3. We speculate that some spindle-associated proteins might be regulated by the HDAC3 complex via deacetylation. Our studies suggest that HDAC3 is likely to be one of the major HDACs involved in the regulation of mitosis. Because HDAC inhibitors are being developed as anti-cancer agents (2), understanding how HDAC3 regulates mitotic spindle functions would be important for improving future anti-cancer therapies.
Materials and Methods
Antibodies. Rabbit anti-HDAC3 (1:1,000), rabbit anti-N-CoR (1:1,000), rabbit anti-TBL1 (1:1,000), rabbit anti-TBLR1 (1:1,000), and rabbit anti-HDAC1 (1:1,000) were previously described (9, 11) . CREST antiserum (1:20,000) was a gift from William Brinkley (Baylor College of Medicine). Rabbit anti-Spc-25 antibody (1:500) was a gift from P. Todd Stukenberg (University of Virginia, Charlottesville, VA). The following antibodies were purchased from commercial sources: mouse ␤-tubulin (1:2,000) and mouse acetylated ␣-tubulin (Lys-40) (1:2,000) (Sigma); rabbit ␣-tubulin (1:500) (GeneTex), mouse Aurora B kinase (1:500) (BD Transduction Laboratories), mouse HDAC6 (1:500) (Santa Cruz Biotechnology), mouse BubR1 (1:500) (Abcam), and rabbit Mad2 (1:500) (Bethyl). For HDAC3 immunoblotting, mouse HDAC3 antibody (BD Transduction Laboratories) or rabbit HDAC3 antibody (Bethyl) was used.
Cell Culture, siRNA, and Immunofluorescence. HeLa cells were cultured on poly-lysine-coated coverslips in D-MEM supplemented with 10% FBS and antibiotics. Transfection with control siRNA or siGENOME HDAC3-specific siRNA (Dharmacon) was performed by using TransIT-siQuest (Mirus) according to the manufacturer's instruction. Two days after transfection, the cell cycle was synchronized by treatment with 2 mM thymidine for 14.5 h. Cells were released from thymidine block and cultured for 7 h to enrich for mitotic cells. Cells were rinsed in PHEM buffer (60 mM K-Pipes/25 mM Hepes/10 mM EGTA/2 mM MgSO 4, pH 6.9) and fixed in 4% formaldehyde in PHEM buffer for 20 min. Coverslips were rinsed in PBS, permeabilized in 0.5% Triton X-100 in PBS for 15 min, rinsed in PBS, and blocked in Antibody Solution (100 mM K-Pipes/1 mM MgSO 4/1 mM EGTA/1.83% L-lysine/1% BSA/0.1% NaN3, pH 7.2) or TBS-T with 5% nonfat dry milk for 1 h. If preextraction was necessary, cells were permeabilized in 0.5% Triton X-100 in PHEM for 1 min before fixation. Coverslips were incubated with primary antibodies in Antibody Solution or TBS-T with 5% nonfat dry milk overnight at 4°C, rinsed in PBS, incubated with Alexa Fluor 488-, Alexa Fluor 555-, or Texas-Red-conjugated secondary antibodies (Molecular Probes) in Antibody Solution or TBS-T with 5% nonfat dry milk for 1 h, rinsed in PBS, and mounted in ProLong Gold antifade reagent with DAPI (Molecular Probes).
For the analysis of microtubule stability, culture media were quickly changed to ice-cold media and cells were incubated at 4°C for 10 min, followed by fixation and permeabilization at room temperature using PBS instead of PHEM buffer (22) .
For the HDAC3 knockdown and rescue experiments, siRNA-resistant wildtype or Y298H mutant FLAG-tagged HDAC3 expression vectors were generated by introducing silent mutations (underlined) into the siRNA-targeted sequence AAAGCGATGTGGAGATTTA. Transfection with siRNA oligos and DNA vectors was performed by using TransIT-siQuest and TransIT-LT1 (Mirus) according to the manufacturer's instruction.
Images were acquired with a Nikon TE2000 wide-field microscope system (Nikon), with the same exposure times from specific siRNA-or drug-treated cells and control cells. The width of spindles was measured by using NISElements (Nikon).
Statistical Analysis. Data were confirmed in multiple independent experiments. Data quantification was performed with Student's t test, and data are expressed as the mean Ϯ SD.
